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A Laboratory Test on Construction of Ice Domes and
Their Load-Carrying Capacity

Toshio HaNNUKIY, Kenji IsHizawa?, Kenji Furamr!
and Keita Tsukur!

Abstract: Ice domes will be useful as a shelter of depot and laboratory
space without heating systems which will be constructed on the ice field in the
Arctic or Antarctic. In this paper, efficacious use of ice domes is discussed for
facilities of research camp in the Antarctic. Some experiments on construction
technique of ice domes and their load-carrying capacity were carried out in a
low temperature laboratory. It was confirmed experimentally that ice domes
could be made by spraying water onto a spherically inflated membrane form
under the condition of holding a temperature below —18°C. Mechanical prop-
erty of artificial ice made in the laboratory was examined by some bending
tests of simply supported ice beams so as to discuss a constitutive model of ice
for numerical analysis. Load-carrying capacity and creep behavior of ice dome
models were examined in the laboratory and analytical models of ice structure
for a numerical procedure of the design were discussed and compared with the
tests. A usefullness of elastic-plastic model for the mechanical behavior of ice
structures in a short term loading and a convenience of Maxwell model for the
long time creep of ice structure were confirmed in the discussion. These
laboratory tests and analytical applications led to the first step of realization
of the ice dome construction in the Antarctic.
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T, BOKIEELTCY—2%fFA 2 Lo L. 1 ENCEA+ 5 KR, BmIEEORRIFR,
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Fig. 1. Process of an ice dome model making.
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Table 1. Dimensions of ice dome models and weight ratio of the ice dome

model to water used as material of sprayed ice. These construction
tests were done in a testing room with constant —18°C.

Thlckness (mm) Depth of Weight Vol. of Weight

Dome No. - — — edge beam (2) water ratio
top middle bottom (mm) (ml+=g) W/V (%)

1 7.50 6.93 3.43 22.08 2200 3150 69.84

2 5.75  5.90 3.93 24.23 2300 3150 73.02

3 5.85 6.10 4.20 29.23 2430 3150 77.14

4 6.00 7.25 4.75 24.28 2500 3150 79.37

5 6.08 7.85 5.50 32.33 2550 3150 80.95

6 6.55 6.88 4.45 27.23 2500 3150 79.37

7 5.90 6.30 4.88 27.40 2320 3150 73.65

8 5.73 6.38 4.38 28.35 2350 3150 74.60

9 6.35 5.35 3.38 28.15 2050 3150 65.08
Average 6.26 6.55 4.32 27.03 2356 3150 74.78
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Fig. 2. Equipments of mechanical test (unit: mm).
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Table 2. Dimensions of ice beams for the bending test.

Kind of ice  No. _ Width (mm)  Depth (mm)  Mass (g) Density (kg/m?)
Layered ice 1 30.9 30.3 190 846

2 29.5 30.4 190 883

3 29.8 29.9 195 912

4 29.9 30.1 198 917
Average 29.7 30.1 193 900
Flooded ice 1 30.1 30.3 200 914

2 29.8 30.5 190 871

3 29.7 30.8 185 843

4 29.4 30.7 190 877

5 30.6 30.4 195 873

6 29.8 30.8 180 817
Average 29.9 30.6 190 865

l)
A specimen(30x30x240mm) %}
J1
d, S,
; X
/702?/VOC//f%k//VQC/ﬁ;CC7
20 | 200 | 20
240

B3 2 @Nio A DKARE (- 30 mmx 30 mm) gk
Fig. 3. Bending tests of two kinds of ice beams made from layered ice and
Aooded ice respectively with the same square cross-section, 30 %< 30 mm.
Ice beams were simply supported and subjected to a centrally concen-
trated load, P. 8., 81, 03: Measured points of displacement.
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B4 A 1UKAFE oM RERAS S (P-0 PR, (b oSk « Bk A<
TN LD FRATREH)
(@) 10 JEOREK T 12k O D P-6 LR
(b) RN A LT 5 D0, EmbREZE THRS SRk b o P-o Htk
Fig. 4. Load-deflection behavior (P-6 relation) of layered ice beams and flooded
ice beams. Numerical results of elastic-plastic finite element analysis
of ice beams were compared with the test. P: Centrally concentrated
load, P (N). 4: Relative displacement from the loading point (center of
the beam) to the supporting foundation (6=0,—(d2+03)/2; mm).
(@) P-0 relation of layered ice beams.
(b) P-0 relation of flooded ice beams which were made by flooding
water into a mold packed with ice chips. Edge beams of the ice
dome model were made from the flooded ice.
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Fig. 5. Collapse pattern of layered ice beams.
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tri-linear O MIFIL -0 F A (0-¢) BIEAHBETELD., L4 1ZBIhbORTA—2—D
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Fig. 6. Tri-linear model for the P-0 relation of artificial ice beams. K, K, Ks:
Stiffness. P,, Ps, Py Load of each linear bounds. 61, 61, 05: Deflection
of each linear bounds.
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x 3 BEEORKLS 2 EEOALKTE- 0 ) ot iF B B 5 fifdi-4
EBIGR D M€ 7 4 (tri-linear model) DRER (Ferh D HfiL FHfil -
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Table 3. Numerical constants of load-deflection model of artificial ice beams

which were made by two kinds of formation; layered ice and flooded

ice.

Kind of ice o - Layered ice ) Flooded ice
Stiffness K 585+60 612+114
(N/mm) K, 459+33 442+ 74

K, 404+39 351+ 53
Load P, 133+ 8 115+ 9
(N) P, 160+ 5 150+ 10

Py 195+ 7 210+ 21
Displacement 3 0.230-0.036 0.193-0.028
(mm) o 0.289+0. 030 0.276+0. 053

03 0.378+0.029 0.448+0.048

Symbols K;, P, and 4, are defined in Fig. 6. Numerical data are shown in average=*standard
deviation.

£ 4 30 OFRBESE S HEC TS -0 T % (0-¢) = F L OEH; I
Wi En 81 R AT o 3 X O AEIS 1) o5, i FEUTEISMI£

Table 4. Constants of o-¢ model which were introduced from bending test of
ice beams.
(a) FikkieouC () LA K& SRS X e o Ko T
(a) Layered ice (b) Flooded ice
7 ) Layered ice Flboded ice
Stress (MPa) Stress (MPa)
Test Ini}f}jal Test Initial
beam stiffness First : beam stiffness First :
No. (GPa) linear Msat);g;)sum No. (GPa) linear Mi)t(rlgglslm
bound bound -
E1 g1 a3 E] gy g3
1 1.119 1.467 1.985 1 1.757 1.451 2.461
2 1.458 1.528 2.121 2 1.391 1.290 2.139
3 1.554 1.507 2.335 3 1.211 1.163 2.206
4 1.633 1.321 2.136 4 1.259 1.184 2.352
Ave. 1.441 1.456 2.145 5 1.851 1. 161 2.514
+0.196 +0.080 40.125 6 1.126 1. 161 1.838
o 2.252
* Ave: Average-tstandard deviation. Ave (1) 432 (1) 233

+0.275 +0.107 +0.227

DRAEMNT PRI+ % 808 LS B CEBL, Ak Lt 7 w7, £51Om
Lt CoC, &4 01 RIS o & 0, B EHLTH L0 IR TN
CORER AT . KOBEMEIRIL S - &8 <, GoLp (1977) i LA ERIIER] 100s LI
DI T)CHERS 1 MPa LUF, iy, Befkt A MG )& R 0.1MPa T 2345 % (f
L 1973). F7o, [T OEIN ORI & O F R A RIS R L L &

o
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(1) 9=E¢ (D) o=c (a+e)"*
<
(=9
E oyl ‘
) :
0 h
0 Ey
£
B 7 KkArdhiTaEgRD P-o R OB L LB T-0F 286k (0-¢)
Fig. 7. Stress-strain relation model of artificial ice calculated with tri-linear P-
model of the ice beam bending test (Fig. 4). In-elastic o-¢ curves were
approximated in an exponential function.
x5 HWMAHOTMHRERED DO AT KDIEN-OThE F A DOER
Table 5. Numerical constants of stress-strain model of artificial ice for test
runs by the finite element analysis (F.E.M.).
s-¢ model  Constants and boundary Layered ice Flooded ice
I  Elastic Linear bound stress 1.456 (MPa) 1.235 (MPa)
(Linear) toyor=ay)
o=E-¢ Linear bound strain 1.01 (x107%) 0.86 (x1079)
D eylei=ey)
Stiffness: E 1.441 (GPa) 1.432 (GPa)
1 In-elastic Constant: ¢ 0.146 (GPa) 0.171 (GPa)
g=cla+e)" Constant: a 84.87 (x107%) 84.56 (x1075)
Constant: n 0.65 0.695

D, WML ORI S SRR EADLNETH ), YR L#R T oKX
(RERTEE 0.33 Ns™! (OO T 2HE (3~3.5)x107%s7") ik h O RBRICEFEDOIFR L
At bigu. LaL, Goup (1977) OB Lo 7~ 210 L2 L OTREE D4 — £ —
Kb R TH I, MM, & LEEmCAET 5 Likievm b, 20 o ET
L L LI AOE®RY, OFREEO &ML FOBECEEL TROHSRE
BHHLDOILIEDETTHD.

£ 4, 5 oPPRIYE: E=1.4GPa 3BINRB, B EERKO Y v 7EF -5 (F,
1981; GoLp, 1977) D) 14~16% DAk E X THh -7z L L GoLp (1977) i XXz D+
v IR REBOEEEIC L > T b, 1078 Hz (35 Tl E=3~6GPa i TR 5. —fk
IR LA N TR a—e PAERA BOR D I X BB O R L v L hE {, =2°C o
WKOBBABRTIZ 0.1~2GPa L5 fEL B LR TS (WS, 1973) o T, KEEROHIH
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MIPE G, X TIadH 2 ARIER ML WD C ENTE L. 20N TKOPHEREKIE)
%2.3MPa, i KO F%=0.2% /s &% T PopLiN and RALSTON (1992) 42 & % Jufiod K
DR (O F 2 10707 1T

M7 EESICELEDIEN-OFRTFLOZUMA DL, K8 L oI AIRE
FOENC L 50 - PPERNT CREBROIEL T2 &, B4 0K R O PIc R TR L
Lo ek RDMEB R

U N7 = 75 20k, B BoERALIC X AT - B (1981) o ki A L L
THETOBIEAML b DT, EOT R B ERL A7 2 KOO MRHERE AR E
KiECH B, NIUkE, BT &S OISO T AR & oSSk £ 6UE L O
L7o. BRIROME R, #ERORMISIOFEEHCEL 2L XickfRoih 2 & T2, &8
VAVERSSE C & il 2 Mises O Ffhafli-o Ty 4.

P
Number of elements : 576
Number of nodes : 343
b=
20 .L 100 100 ] 20
240

B8 Kk ok B A FEBL A 5 1o MR RENT & 7 4 & ATHL S S0 E
Fig. 8. A calculation model of ice beams by the elastic-plastic finite element
method and it's finite element pattern (unit: mm). The number of ele-
ments is 576 supposing that had constant strain field and the number of
nodes is 343.

BUE NS RO MR 4 TR & el 5 &, RUBKOIESEE 1y OMItE e iy, O
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RO wrd &<, Tz ot d e BEREIC i X C, 714 A FN— 2D %
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Fig. 9. Tests on a load-carrying capacity of ice dome with a circular edge
beam with square cross-section, 2530 mm. Ice dome models were sim-
ply supported and subjected to a concentrated load, P on the top of
domes. Displacement was measured at five points on the model;
01~d4s: Vertical displacement of axi-symmetrical four points on the cir-
cular edge beam made by flooded ice.
ds: Vertical displacement of the top of ice domes.
d: A relative vertical deformation from the top of ice dome to the base.
(5:55"(51+52+53+54)/4.‘ mm)
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Fig. 10. The test result of ice dome models (9 specimens); the relationship of
axi-symmetrical load, P to relative deformation, o at the loading point
of ice dome models. Numerical results of the finite element analysis
Jor P-§ relation of the ice dome model were compared with the tests.
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Table 6. Initial stiffness, collapse load and maximum deflection of ice dome
models in short-term loading tests.

Model Initial Collapse Maximum
No. stiffness (N/mm) load (N) deflection (mm)
1 302.5 443.8 1.554
2 325.8 635.2 2.268
3 442.7 635.2 1.858
4 610.9 539.3 0.995
5 371.8 789.1 2.404
6 777.3 946.3 2.097
7 314.2 713.9 2.661
8 474.0 697.1 1.704
9 769.9 697.1 1.039
Average 487.7+177.9 677.44135.0 1.872-+0. 509
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Fig. 11. Relations of collapse load and minimum thickness of ice domes.
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Fig. 12. Collapse pattern of ice dome models.
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Number of elements : 46
Number of nodes : 48

230
225

z(y)

25

r {x)

225 | 30
255

13 742 F— DMl o & ARERNE L OVEFRO JEHMEL
IE

Fig. 13. An axi-symmetrical model for the elastic-plastic finite element analysis
of the ice dome and its finite element pattern. The model consisted
of 46 trianguler elements supposing that had constant strain field.
Mechanical behavior of the ice in Fig. 7 and Table 5 was used. Ele-
ments around loading point in the figure are in the order of elements
coming to elastic limit (unit: mm).
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Fig. 14. A creep test of ice dome. A load of 141.2 N was set on the top of

ice dome constantly and the dome was left as it was in the testing
room controlled with —18°C on the average. The load was about 20%
of collapse load of the dome. (1) Temperature history of the test
room. (2) Relative deformation history of the testing ice dome. A
measuerment system of ¢ is the same as shown in Fig. 9.
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Fig. 15. A visco-elastic model on mechanical properties of ice.

(Maxwell model+ Voigt model=Burger’s model).
y1, yec viscosity factor, E\, Es: elastic modulus.

Eg Number of elements : 132
= Number of nodes : 114
z(y)
r (x) ;1
225 N
255
Bl16 714 AF—a®D2 U —7Hgrerin
Fig. 16. An axi-symmetrical model for the visco-elastic finite element analysis

of the creep of ice dome. The model consisted of 132 trianguler ele-
ments. Mechanical behavior of the ice proposed in Fig. 7 and Table
5 was used (unit: mm).
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Fig. 17. Analytical results with some function models of Maxwell's viscosity
compared with creep test.
Curve I: calculated with y=nxexp(aT), =6x10", a=—0.134,
Curve 1II: calculated with n=noexp(aT), n=12x107, a=—0.134,
Curve III: calculated with v=n,exp (aT)exp (btV?); 5o=3.12x 107,
a=—0.134, b=0.12; where T: temperature (°C) and t:
time (hour).
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Fig. 18. A deformation of ice dome after 350 hours that was calculated by the

creep analysis system. A deformation of the dome top was compared

with the test result.
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Fig. 19. Creep of the ice dome model after 350 hours.
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